Abstract. Spectral features of energetic H ions accelerated at the termination shock may be evidence of two components. At low energies the energy spectrum is ~E . A second component appears above ~1 MeV with a spectrum of E -1.27 with a break at ~3.2 MeV. Even though the intensities upstream are highly variable, the same spectral break energies are observed, suggesting that these are durable features of the source spectrum. The acceleration processes for the two components may differ, with the lower energy component serving as the injection source for diffusive shock acceleration of the higher energy component. Alternatively, the spectral features may result from the energy dependence of the diffusion tensor that affects the threshold for diffusive shock acceleration.
INTRODUCTION
The Voyager 1 (V1) spacecraft crossed the termination shock of the solar wind on 16 December 2004 1, 2, 3, 4 . In previous reports we have characterized the daily averaged differential energy spectra of protons between 0.5 and 22.3 MeV during the ~2.5 year period leading up to the crossing and also in the heliosheath itself as consisting of two intersecting power laws in energy, where the point of intersection was approximately 3.5 MeV 1, 5 . The low energy power-law index in the heliosheath was found to be approximately -1. 4 1 to -1.5 5 . The spectra obtained from the Cosmic Ray Subsystem (CRS) instrument 6 at energies between 0.5 and 2 MeV are derived from a single detector. We have developed an improved method of correcting the spectra for contamination by particles with E>2 MeV that penetrate the detector. The result of the correction is to reveal spectral features at energies below 2 MeV. We have included data from the Low Energy Charged Particle (LECP) instrument 7 to extend the spectra down to 0.04 MeV.
ANALYSIS TECHNIQUE
Each of the four low energy telescopes (LETs) on the Voyager CRS instruments 6 consists of 4 circular silicon surface-barrier solid-state detectors protected by a 3-m thick Al foil mounted on a collimator in front of the first detector in the stack. Multiple energy loss measurements provide ion energy spectra above 2 MeV. In addition, the spectrum at lower energies is measured for ions stopping in LA1, the front detector of LET A. However, this spectrum is contaminated by termination shock particles with E>2 MeV that penetrate the front detector and deposit only a fraction of their energy, resulting in a background counting rate at low energies that must be subtracted.
In order to accurately correct for this background, a Monte Carlo model of the predicted energy loss distribution from both the stopping and penetrating ions that accurately simulates the observed energy loss distribution (see, e.g., Fig. 1 of Stone and Cummings 8 ) has been used to recover the spectrum of 0.5 to 2 MeV H ions from the single parameter energy loss spectrum. In addition, penetrating galactic cosmic rays (GCRs) with much higher energies also provide a background rate of small energy losses. The correction for this background is scaled from the intensity of 100-250 MeV/nuc He as measured by the High Energy Telescope (HET) system on CRS.
The analyzed proton energy-loss intervals in LA1 are 0.5-0.7, 0.7-1.0, 1.0-1.5, and 1.5-2.0 MeV. We have also included five low energy intervals from the LECP instrument in the energy range 0.04 to 0.55 MeV in our analysis. Each of the five intensities is a scan average and has been corrected for GCR background with a linear function of the LECP eb05 rate (>70 MeV ions) derived from 5-day moving averages from 2001/1-2004/366. Our simulations of the LECP system suggest that the ions are primarily H with only a few percent of the rate due to He and heavier ions.
OBSERVATIONS
The spectrum of termination shock particles (TSPs) in the heliosheath is expected to reflect the spectrum at the shock where they were accelerated. The typical energy spectrum of TSP H in the heliosheath is shown in Fig. 1a . Although the spectrum resembles a broken power law with a break energy of 3.2 MeV, closer inspection reveals a second break in the spectrum at 0.35 MeV.
The two spectral features are more apparent in Fig. 1b where the spectrum has been multiplied by the inverse of the power law observed at E<0.35 MeV. This spectrum suggests the possibility of two components, each characterized by a broken power law. The lowest energy component in Fig. 1a is characterized by a power law of E -1.55 with a break at 0.35 MeV, while the higher energy component above 0.9 MeV has a power law of E -1.32 and a break at 3.2 MeV. Based on a normalized composite spectrum of H, He, N, O, and Ne ions, Hill et al. 9, 10 have suggested there is an enhanced intensity of ions with ~1-10 MeV that they refer to as a "third source" and which may correspond to the higher energy component described above. The TSP spectra observed upstream of the shock will be modulated due to scattering as the ions propagate along the interplanetary magnetic field to the spacecraft. To illustrate the effect of such modulation on the upstream spectrum, the source spectrum in Fig. 1a has been multiplied by the energy-dependent modulation function in Fig. 1d . The resulting modulated spectrum in Fig. 1c illustrates that the spectral breaks at ~0.4 and ~3.2 MeV should also be apparent upstream. Due to variations in the modulation level and its energy dependence, the upstream spectra at lower energies will generally be flatter and more variable than in the heliosheath.
The upstream spectra for days 268 through 270 and 331 of 2004 are displayed in Fig. 2 . With the increased modulation and reduced intensity at <2 MeV, the contamination by higher energy H becomes relatively more important, so that the spectral dip would not be apparent without the correction. Also shown in Fig. 2 are the intensities observed by the LECP instrument using two detectors in coincidence, thereby minimizing the contamination from penetrating ions. The agreement between the LECP and CRS data confirms the presence of the spectral feature at ~1 MeV. Note that Hill et al. 10, 11 have observed a transient feature at ~ 1.5 MeV/nuc in the He spectrum during the onset of the first TSP event in 2002/157-208.
Although there are daily variations in the spectra, the spectral breaks at ~0.4 and ~3.2 MeV are apparent. The broken power law shape of the lower energy component is particularly evident on day 2004/331 when the lower energy component had increased by a factor of ~2 but the higher component had decreased by a factor of ~20. Because there is generally less modulation at higher energies, this suggests the decrease was not due to modulation but may reflect a significant reduction in the source intensity of the higher energy component. As seen in Fig. 3 , downstream of the shock the higher energy component did not fully recover to its maximum upstream intensity until mid 2005, while the intensity of the lower energy component in the heliosheath changed little during this same period.
Examining the spectra in Fig. 2 , it appears appropriate to use a function consisting of four power laws:
where E norm is the lowest energy point where the intensity is greater than the uncertainty and is required to be <1 MeV; E1, E2, and E3 are the energies of intersection of the power-law segments; and a, b, c, and d are the power-law indices of the segments. If there are two components with broken power laws, a is the powerlaw index of the low energy component with a break at E1, and E2 is the threshold energy for the higher energy component with an index c and a break at energy E3. Fig. 3 shows the three intersection energies and two power-law indices from the fits to the daily-averaged H spectra from 0.04-22. Statistical uncertainties and modulation cause large variability in the spectral slopes upstream, resulting in spectra with typical indices -0.5<a<-1.5 and 0<c<-1.3. However, the high-energy break E3 shows very little change throughout the 3.5-year period, suggesting that this break is a steady state feature of the source spectrum at higher energies. Although upstream there is uncertainty and/or variability in the spectral break at ~0.4 MeV, the median value is also similar to that in the heliosheath, suggesting that this is a steady state feature of the low energy source spectrum.
DISCUSSION
The appearance of durable breaks in the TSP energy spectra over the last 3.5 years suggests the possibility of two distinct components having slightly different spectral slopes of a = -1.55 and c = -1.27. Such a two component spectrum has been suggested by Zank et al. 12 to explain the mass dependent acceleration efficiency observed in the anomalous cosmic rays. In their model, the low energy component is produced by the motion of multiply reflected ions (MRIs) drifting along the shock until they escape, resulting in a break in the power-law spectrum around ~0.4 MeV. The high energy tail of the MRI spectrum exceeds the injection threshold of ~1 MeV for diffusive shock acceleration, resulting in a second spectral component with the spectral slope reflecting the strength r of the shock according to = (r+2)/(2-2r) (see, e.g., Blandford and Ostriker 13 ). The compression ratio corresponding to the spectral index of -1.27 is 2.9, consistent with observations 3 . The spectral slope of the low energy component is also consistent with that predicted by Fisk and Gloeckler 14 in which a suprathermal tail in the solar wind with a slope -1.5 behaves as an ideal gas that is compressed at the shock just as is the bulk of the solar wind. In this case, the energy break at ~0.4 MeV would be a feature of the upstream suprathermal tail and correspond to the scale at which the gyroradius of the ions exceeded the scale size of the interplanetary turbulence responsible for their acceleration 15 . At 1 AU this energy break would imply a turbulence scale of ~1 10 -4 AU, smaller than the coherence length of ~0.01 AU at 1 AU and in the range suggested by Fisk and Gloeckler 15 if the ions respond to curls in the magnetic field. Alternatively, using test particle simulations, Giacalone 16 finds that low energy ions are easily accelerated to higher energies due to cross field diffusion arising from upstream magnetic turbulence. In this case, the persistent features in the downstream spectrum (see Giacalone 16 , Fig. 3 ) might be produced by characteristics of the energy dependence of the diffusion tensor that affect the threshold for diffusive shock acceleration in a manner that requires further investigation.
